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Abstract: 
Whereas cardiovascular measures have a long tradition of being used to determine operator load, 
responsiveness of the respiratory system to mental load has rarely been investigated. In the 
present study we assessed basic and variability measures of respiration rate, partial pressure of 
end-tidal carbon dioxide (petCO2) as well as performance measures in 63 male pilot candidates 
during completion of a complex cognitive task and subsequent recovery. Mental load was 
associated with an increase in respiration rate and a decrease in respiratory variability. A 
significant decrease was also found for petCO2. Respiration rate and respiratory variability 
showed partial and complete effects of recovery, respectively, whereas petCO2 did not return to 
baseline level. Overall, a good performance was related to a stronger reactivity in respiration 
rate. Our findings suggest that respiratory parameters would be a useful supplement to common 
measures for the assessment of mental load in pilot selection. 
Keywords: mental load, multiple task performance, respiration rate, respiratory variability, end-
tidal CO2 
Practitioner summary: 
Respiratory measures are a promising yet poorly investigated approach to monitor operator load. 
For the purpose of pilot selection, we assessed respiration in response to multi-tasking in 63 
candidates. Task-related changes as well as covariation with performance strongly support the 
consideration of respiratory parameters when evaluating reactivity to mental load. 
Introduction 
The quantification of operator workload is an important objective in working environments that 
are characterized by high task demands and responsibility. Especially in the fields of aviation, 
space flight, military and surgery, operational personnel are regularly faced with decision-
making under time pressure and stress (e.g. Morris and Leung 2006). The aerospace sector has a 
long tradition of profound aptitude testing to ensure the fit between future operator and 
environment (Goeters, Maschke, and Eißfeldt 2004; Harris 2011). Since technical developments, 
however, involve constantly changing task demands impacting cognitive requirements, 
international airlines still seek to improve the assessment of mental load for the selection of 
pilots. 
The construct of mental load has been defined as the ratio between task demands and operator 
capacity (e.g. Gopher and Donchin 1986; Kantowitz 1987; O’Donnell and Eggemeier 1986). 
Since human processing resources are limited, the level of mental load is influenced by difficulty 
and complexity of the task as well as by the individual’s skills, abilities and motivation. Methods 
to measure mental load are generally classified on the basis of performance, self-report or 
psychophysiological assessment which are supposed to reflect different aspects of mental load 
(see Young et al. 2014). While performance-based and self-report measures are generally easier 
and cheaper to use, psychophysiological parameters are more cumbersome but also have some 
advantages over the former measures. First, they contain information about the ‘physiological 
costs’ that are related to the effort being invested to accomplish the task. In contrast to 
performance measures, this also allows analysts to draw conclusions about the operator’s 
remaining capacity. Second, physiological parameters can be assessed and monitored 
continuously while subjective ratings are usually retrospective. Third, physiological measures 
are not distorted by memory lapse or observer biases. Especially in personnel selection, where 
the tendency to present oneself in a favourable light poses a diagnostic problem, the usefulness 
of subjective ratings is limited. 
Whereas cardiac measures have been studied extensively as a workload index in the field of 
aviation (e.g. Jorna 1993; Roscoe 1993; Svensson et al. 1997; Wilson 2002) little research has 
been devoted to respiratory measures. The main reasons are probably that such measurements 
are more complicated because of the artefacts that may be caused by speech and movement as 
well as the fact that measurement devices assessing tidal volume are rather obtrusive. Another 
reason might be that respiration is in part under conscious voluntary control, while 
psychophysiological measures are often used because they are considered ‘objective’ measures, 
reflecting autonomic regulation mechanisms that are inaccessible to volitional control. Grossman 
and Wientjes (2001, 43) suppose, however, that ‘respiratory adjustments to highly specific 
behavioural demands have evolved as functional integrative adaptions to best fit and coordinate 
metabolic activity, cognitive performance, emotional self-regulation and perhaps even 
communicative signalling to conspecifics’. Awareness and conscious responsiveness of 
respiration are therefore crucial arguments to study the effects that psychological processes 
might have on the respiratory system. 
The regulation of respiration is based on an interaction of the autonomic nervous system and 
respiratory centres in the medulla oblongata and pons on the one hand and the limbic system, 
cerebellum and higher cortical areas, which can affect central breathing reflexes, on the other 
hand. Hence, the respiratory pattern is contingent upon metabolic and homeostatic influences but 
also responds to cognitive and emotional processes. In contrast to the investigation of emotional 
influences on basic respiratory measures such as rate and volume (e.g. Bloch 1991; Boiten 1998; 
Boiten, Fijda, and Wientjes 1994; Gomez, Stahe, and Danuser 2004) and on variability measures 
of respiration (e.g. Boiten 1998; Van Diest et al. 2006; Vlemincx et al. 2013), there is only little 
research on the effects of mental load on human respiratory behaviour. 
Respiration rate, or total breath duration, is the measure being used most frequently in 
respiratory reactivity research and regarded as one of the most sensitive measures of mental load 
(Backs, Ryan, and Wilson 1994; Brookings, Wilson and Swain 1996; Pattyn et al. 2010). Studies 
investigating task-related changes in respiration rate consistently show that participants breathe 
faster when performing a mentally demanding task both in the laboratory (Allen and Crowell 
1989; Boiten 1998; Brookings et al. 1996; Mehler et al. 2009; Pattyn et al. 2010; Van Diest et al. 
1999; Veltman and Gaillard 1998; Vlemincx et al. 2011; Vlemincx et al. 2012; Wientjes, 
Grossman, and Gaillard 1998) and in real-life settings (Harding 1987; Karavidas et al. 2010; 
Pattyn et al. 2010; Veltman 2002; Wilson 1993). 
The analysis of respiratory variability is a promising, yet rarely applied method to investigate the 
psychophysiology of mental load (Vlemincx et al. 2011; Vlemincx, Van Diest, and Van den 
Bergh 2012; Wientjes 1992). Respiratory variability can be described as the breath-to-breath 
variation of spontaneous breathing and potentially reveals information about the appropriateness 
of respiratory control mechanisms (Tobin et al. 1988). Instead of analysing only total variability 
of respiratory signals, Vlemincx et al. (2010) suggested to distinguish between different 
components of variability, a structured or correlated component and a random component. While 
external influences such as cognitive and emotional demands may cause an increase in random 
variability, internal homeostatic regulation would cause an increase in correlated variability in 
order to stabilize the system. The effects of mental load on these different variability components 
have been investigated by means of a mental arithmetic task (Vlemincx et al. 2011). It was 
shown that mental load was accompanied by an increase in total variability but a decrease in 
correlated variability of respiration rate, suggesting an increase in the random fraction. However, 
in a low demanding sustained attention task, both total variability and correlated variability in 
respiration rate were reduced (Kagan and Rosman 1964; Vlemincx et al. 2011; Vlemincx et al. 
2012). This suggests that total and correlated variability are highly sensitive to mental load, 
possibly differentiating between distinct cognitive processes that occur during the performance 
of different types of tasks. 
Another respiratory measure that provides information about the fit between ventilation and 
metabolic demands is end-tidal carbon dioxide (etCO2). The partial pressure of etCO2 (petCO2) 
is highly correlated with alveolar pCO2 (Wientjes 1992) which, in turn, is regarded as a valid 
estimate of arterial pCO2 (Phan et al. 1987; Takano et al. 2003). Given that pCO2 decreases if 
ventilation exceeds metabolic demands (hyperventilation) and that respiratory behaviour is 
sensitive to psychological influences, it seems reasonable to investigate petCO2 as a possible 
measure indicating over-activation in response to mental load. Wientjes et al. (1998) report a 
significant but small decrease in petCO2 during the performance of a memory task, which is in 
line with other studies that investigated end-tidal and transcutaneous pCO2 levels in response to 
highly demanding aviation settings (Harding 1987; Wientjes, Gaillard, and ter Maat 1996). This 
measure is particularly important because it has been shown that inappropriate changes in 
respiration rate and depth inducing hypocapnia may reduce oxygen supply to the brain and that 
brain oxygenation appears to be associated with impaired cognitive performance (Gibson 1978; 
Matthews et al. 2010; McCarthy et al. 1995; Van Diest et al. 2000). While these relationships are 
well established for substantial hypocapnic overbreathing, here defined as petCO2 < 32 mmHg, 
there is little research on the covariation of task performance with less dramatically reduced 
petCO2 levels. 
Whereas inappropriate physiological arousal as indicated, for instance, by hyperventilation might 
impair cognitive performance, appropriate physiological arousal in response to mental load is 
assumed to be beneficial (Andreassi 1966; Dienstbier 1989; Lacey 1967; Jennings and Wood 
1977; Obrist et al. 1974). As described by Dienstbier (1989) a low base rate of arousal, a strong 
sympathetic response to challenge involving release of adrenaline and noradrenaline and a quick 
decline of arousal after a challenge are not only associated with superior mental and physical 
health but also with better cognitive performance. A quick and efficient adaption to onset and 
offset of a demanding task indicates psychological and physiological flexibility, which generally 
reflects a healthy state of the individual (Kashdan and Rottenberg 2010). Flexibility is hence 
considered a prerequisite for the organism to properly regulate physiological arousal and to 
ensure optimum performance. For cardiac variability, this rationale has been supported by 
empirical evidence (Hansen, Johnsen, and Thayer 2003; Thayer et al. 2009). 
The purpose of this study was to evaluate the sensitivity of respiratory parameters to mental load 
and to investigate whether task-related respiratory changes are associated with cognitive 
performance. In order to test this, we assessed respiration rate, variability of respiration rate and 
petCO2 during a baseline period, the performance of a highly demanding cognitive multiple task, 
reflecting the multi-tasking demands of airline pilots, and a recovery period. We expected that 
respiration rate would increase from baseline to performance on the task and decrease during 
recovery. The total variability of respiration rate was expected to be higher, whereas the 
correlated fraction was expected to be suppressed while performing the multiple task. For 
petCO2 we hypothesized a decrease from baseline to task and an increase during recovery. It was 
expected that individuals with an appropriate respiratory behaviour would perform better than 
individuals whose breathing pattern is not in line with metabolic demands. 
Methods 
Participants 
The experiment was conducted at the German Aerospace Center where pilot selection is carried 
out on behalf of civilian airlines. 63 male volunteers were recruited from applicants who had 
been accepted for the selection procedure. The period of data acquisition corresponded with the 
ongoing selection period. In order to gain adequate power, a priori power analyses suggested a 
minimum of 56 participants. We continued data collection until that minimal number was 
surpassed. Candidates had to be fluent in German and hold a secondary-school diploma. 
Applicants suffering from acute illness, cardiovascular and respiratory disease or any major 
psychiatric disorder were not allowed to participate. They further had to be non-smokers and 
refrain from stimulants such as caffeine prior to their experimental testing. The data sets from 
two participants had to be excluded because of movement artefacts. The resulting sample 
consisted of 61 participants with an age range of 18 to 43 years (M = 21.8, SD = 4.2). All 
participants gave their written informed consent prior to the experiment and obtained 25 € for 
participation. 
Procedure and experimental material 
Experimental sessions were run around 5 pm, subsequent to the regular pilot selection tests. 
Participants were seated in front of a computer screen, equipped with physiological recording 
devices and asked to complete a questionnaire covering their age, dominant hand, regular 
physical activity and body mass index (BMI). After 10 to 15 minutes of signal stabilization, 
subjects started to go through the entire experimental protocol being guided by written 
instructions on a touch screen. All participants had to use their right hand to interact with the 
display. 
The experimental protocol consisted of a six-minute resting baseline, a six-minute ‘vanilla 
baseline’, a six-minute multiple task and a six-minute recovery period, all of which were 
separated by a break of three minutes. During the resting baseline participants had to fix their 
eyes on a cross. A test instructor verified that participants kept their eyes focused on the monitor. 
The vanilla baseline was presented in addition to the resting baseline in order to reduce possible 
effects of anticipatory arousal with a minimally demanding vigilance task (Jennings et al. 1992). 
Since the presented vigilance task, however, was not accompanied by lower respiratory levels 
than the resting baseline, only resting baseline data were used for the statistical analysis of 
baseline-to-task changes. To induce mental load in a way that is similar to the cockpit workload 
of a civilian aircraft, a highly demanding multiple task was chosen which consisted of three 
single tasks measuring perceptual speed, spatial orientation and working memory capacity which 
had to be carried out in parallel. The perceptual speed task required the simultaneous scanning of 
four instruments. The pointer of each instrument indicated one of eight directions (Figure 1a). 
The task was to detect the number of instruments showing the same value. The spatial 
orientation task measured mental rotation and spatial processing ability. A pictogram of an 
aircraft was shown that could be rotated around its centre, pointing in one of 12 directions 
(comparable to a clock face). In addition, a spot was shown in one of the 12 positions on an 
imaginary circle around the aircraft (Figure 1b). Participants had to indicate the spot’s position 
(clockwise 1–12) relative to the centre and flight direction of the aircraft. The working memory 
task required memorizing pairs of colours (grey, blue, brown, green) and two-digit numbers that 
were presented acoustically (e.g. ‘green two eight’). A two-digit number was displayed on the 
screen (Figure 1c), continuously increasing from 13 to 99. The number changed every four 
seconds. As soon as one of the acoustically given numbers appeared on the screen, subjects had 
to click on the corresponding colour button. In the given example, the green button would have 
to be activated as soon as ‘28’ appeared on the screen. The pairs of colour and number were 
generated in a controlled randomized way to assure a constant level of task difficulty. A new pair 
of colours and numbers was given every four seconds; the delay between acoustic and visual 
stimulus varied systematically between 12 and 24 seconds. The maximum number of pairs that 
had to be remembered simultaneously was four. Prior to the multiple task (Figure 2), participants 
were instructed to allocate their attention evenly to the three tasks and to work as fast and 
accurately as possible. During the recovery period, participants listened to relaxing music and 
watched an aquatic movie. 
– insert Figures 1a/b/c and 2 near here – 
To avoid artefacts caused by speech and movement, participants were instructed not to talk 
during data acquisition and to avoid any movement apart from using their right hand to operate 
on the touch screen. Actual movement activity was controlled by an accelerometer which was 
fixed to the thorax and visually monitored by the experimenter. 
Performance measures 
Two types of performance measures were applied: first, task performance on the experimental 
multiple task and second, outcome of the regular cognitive aptitude exam that was administered 
in the pilot selection protocol by the German Aerospace Center. Given that this test protocol 
covers basic mental abilities such as working memory, spatial orientation, psychomotor 
coordination and multi-tasking, the outcome measure is regarded as being comparable to the 
experimental task measure. 
The performance score of the multiple task was obtained by multiplying the total number of 
correct responses to the three single tasks after z-standardization (i.e. sum scores were 
standardized across subjects within each single task). Performance data from three participants 
were missing due to technical problems. The dichotomous outcome measure from the cognitive 
aptitude exam (pass/fail) was obtained by applying the decision rules which are used for pilot 
selection: raw scores from the different test domains (e.g. working memory, spatial orientation, 
psychomotor coordination and multi-tasking abilities) were each normalized by means of a 
stanine transformation. Stanine scores range from 1 (low performance) to 9 (high performance) 
with a mean of 5 and a standard deviation of 2. If the resulting stanine scores were greater than 
or equal to 4 for each ability domain being tested, the cognitive aptitude exam was regarded as 
‘passed’. 
Physiological measures 
Respiration rate (RR) and pCO2 were measured using a mainstream capnograph (Nihon Kohden 
Europe GmbH, Rosbach, v.d H.) which analyses the expired air with a lightweight infrared 
sensor that is placed unobtrusively between nostrils and upper lip. Participants were instructed 
not to speak and to breathe only through their nose during the experimental periods. Respiratory 
data were sampled continuously at 20 Hz as well as breath-by-breath. RR was exported directly 
from the breath-by-breath records. The ANSLAB software (Wilhelm and Peyk 2005) was used 
to derive end-tidal plateau values (petCO2) from the continuous pCO2 records for each individual 
and period. Outliers (± 2SD) detected within one data record were corrected by linear 
interpolation after visual inspection.1 Variability of RR was quantified by two types of 
measurement, the coefficient of variation (CV) and autocorrelation (AR). CV indicates total 
variability of RR within one record, whereas AR indicates the structured, correlated fraction of 
variability (Tobin et al. 1995). AR coefficients reported here indicate the correlation between one 
breath and the following one. 
Prior to data analysis, the first and last 30 seconds of the six-minute data records of each 
experimental period were cut in order to avoid artefacts that sometimes occurred at the beginning 
or end of a period and to obtain stationary data which is required for the computation of AR 
coefficients.2 Mean scores and variability measures were hence computed on the basis of five-
minute records. Reactivity scores were obtained by calculating the difference between the mean 
scores of the baseline and the task period. 
Statistical analysis 
                                                          
1 Altogether, 5% of the 18 971 plateau values were interpolated. We confirmed our reported findings by reanalysing 
the petCO2 data including outliers. 
2 For validation purposes, all analyses were rerun without cutting the first 30 seconds. These additional findings 
replicated our initial results showing that the truncated periods did not leave out crucial information. 
All analyses were performed using SPSS 21.0 for Windows (SPSS Inc., Chicago, IL). To 
evaluate psychophysiological changes in response to mental load, respiratory variables were 
subjected to a repeated-measures multivariate analysis of variance (MANOVA) with period 
(baseline/vanilla baseline/multiple task/recovery) as a within-subject variable. Greenhouse-
Geisser corrections were applied in the following ANOVAs if the assumption of sphericity was 
not met. If multivariate and univariate statistics were significant experimental periods were 
compared post-hoc using Bonferroni-corrected t-tests. Bivariate associations between respiratory 
measures and multiple task performance were assessed via Pearson’s correlation. To analyse 
relationships with the outcome of the cognitive aptitude exam, respiratory measures were each 
subjected to a two-way repeated-measures ANOVA with period (baseline/vanilla 
baseline/multiple task/recovery) as a within- and outcome (pass/fail) as a between-subject 
variable. Greenhouse-Geisser corrections were applied if necessary. 
We defined the family-wise alpha level as 0.05 and corrected for multiple comparisons using the 
Holm-Bonferroni method (Aickin and Gensler 1996; Holm 1979). Control variables (age, regular 
physical activity, BMI) were not included in the final analyses because they did not covary with 
the dependent variables. Post-hoc power analyses using GPower 3.1 confirmed that our 
statistical analyses were sufficiently powered (Faul, Erdfelder, Lang, and Buchner 2007). 
Results 
Respiratory measures and mental load 
Using Pillai’s trace, the MANOVA revealed a significant effect of period on RR, CV, AR and 
petCO2 (V = 0.82, F(12, 49) = 18.92, p < .001). Univariate statistics are reported in Table 1. RR 
increased from baseline to task (p < .001) and decreased after the task (p < .001) but without 
going back to baseline level (p < .001). For CV and AR, we found a significant decrease from 
baseline to task and a significant increase from task to recovery period. Changes in CV were 
significant at a level of p < .001 from baseline to task and at p < .01 from task to recovery. 
Changes in AR were significant from baseline to task (p < .05) and from task to recovery (p < 
.001), reaching a higher level than during baseline (p < .05). PetCO2 decreased significantly 
from baseline to task (p < .05) and did not recover after the task when comparing to baseline 
level (n.s.). Hypocapnic hyperventilation during task performance, here defined as petCO2 < 32 
mmHg, was found in three participants. In 25% of the sample we obtained petCO2 levels of 
34.43 mmHg or lower. 
– insert Table 1 near here – 
Respiratory measures and performance 
Correlation analysis showed that a better performance on the experimental task was associated 
with lower RR during baseline (r = -.33, p < .05) and stronger reactivity in RR (r = .34, p < .01). 
A better task performance was also associated with higher AR during baseline (r = .37, p < .01). 
After excluding two outliers in the multiple task performance score (± 3 SD), resulting 
correlations were non-significant for RR during baseline and weaker for reactivity in RR (r = 
.28, p < .05) as well as for AR at baseline (r = .30, p < .05). Analyses of the relationship between 
respiratory measures and the outcome of the cognitive aptitude exam showed a significant 
interaction between experimental period and outcome of the exam for respiration rate (F(2.19, 
129.06) = 6.37, p < .01, ƞp2 = .10). As depicted in Figure 3, applicants who passed the regular 
aptitude tests (n = 20) showed a higher reactivity from baseline to task and also a faster recovery 
after the task than those applicants who failed (n = 41).i 
– insert Figure 3 near here – 
Discussion 
In line with our hypothesis and prior studies, respiration rate strongly increased during the 
performance of a difficult multiple task and decreased during the subsequent recovery period. 
However, respiration rate did not fully reach baseline level within the recovery time. The high 
sensitivity of respiration rate, as indicated by a strong effect size (ƞp2 = .61), replicates the 
findings reported in earlier work but using a multiple task that is comparable to the work 
demands of airline pilots. Our data hence further support the usefulness of respiration rate for the 
measurement of operator load in aviation. That respiration rate was not completely restored 
raises the question whether the given time window was too short in the present study. For 
recovery from a mental arithmetic, however, it has been shown that five to six minutes seem to 
be sufficient for a full return to baseline breathing frequency (Vlemincx et al. 2011). In contrast 
to the consistent findings on the reactivity of respiration rate to mental load, the mechanisms of 
recovery are poorly understood and require further investigation.  
Both total and correlated variability of respiration rate were suppressed by the induction of 
mental load which indicates that respiratory flexibility was reduced during the task period. While 
a lower correlated variability is in line with existing research (Vlemincx et al. 2011; Vlemincx et 
al. 2012), the finding that total variability was also reduced contradicts the results reported by 
Vlemincx et al. (2011) for a mental arithmetic. As outlined above, a reduction in total variability 
has previously only been reported for sustained attention (Kagan and Rosman 1964; Vlemincx et 
al. 2011; Vlemincx et al. 2012). The mental task that was applied in the present experiment, 
however, can be characterized as attentionally highly demanding as it required allocating the 
necessary processing resources to the different task components. Multiple tasks, which are more 
appropriate when studying psychophysiological correlates of operator load in working situations 
that are characterized by multi-tasking, can therefore not be compared to single task tests that 
have been used in the mentioned studies on respiratory variability. After having finished the task, 
total variability returned to baseline level and correlated variability was even higher than during 
baseline, revealing that respiratory flexibility was fully restored within the given recovery 
period. The finding that the correlated fraction was higher during recovery than during baseline 
implies that the anticipation of an unknown multiple task might have caused an increase in 
random variability already during baseline. Taken together, multi-tasking – which is an 
important requirement in the field of aviation – appears to affect respiratory variability in a 
different way than single tasks. 
PetCO2, which can be regarded as an indicator of breathing in accordance with metabolic needs, 
decreased significantly during task performance, but only to a moderate extent. A modest but 
continuous hyperventilation was also reported for mental performance in the laboratory 
(Wientjes et al. 1998) as well as during difficult flight manoeuvers (Harding 1987) and stressful 
air traffic control tasks (Wientjes et al. 1996) in the field. The fact that petCO2 reached clinically 
relevant levels in a small subset of participants suggests that this measure might be particularly 
important in order to detect individuals with a tendency to hypocapnic overbreathing, hence 
overreacting in highly demanding situations. Interestingly, we observed a prolonged 
overbreathing in this sample such that petCO2 did not recover after task completion while 
respiration rate did show clear effects of recovery. This implies that tidal volume, which was not 
assessed in the present study, remained at a high level. In a study investigating the recovery from 
voluntary hyperventilation, Wilhelm, Gerlach and Roth (2001) report detailed findings on the 
course of petCO2 recovery across a period of 10 minutes showing that the physiological 
readjustment of petCO2 still continues after 6 minutes. In addition, tidal volume returned to 
baseline level within that recovery period why a time span of 10 minutes appears to be more 
appropriate than shorter periods to assess complete respiratory recovery. 
Analysing whether respiratory behaviour is related to operator performance was a further aim of 
this study. The fact that three participants of the present sample responded with hypocapnic 
hyperventilation demonstrates that a laboratory cognitive task possibly can lead to CO2 levels 
which might affect cognitive performance. An investigation of petCO2 during simulated flight 
manoeuvres by Karavidas et al. (2010) likewise suggests that task-induced hyperventilation 
might be associated with performance decrements. It can be assumed that mentally demanding 
situations with more impact (e.g. real-life situations) would probably lead to stronger effects 
which then, in turn, could impair brain oxygenation. In the present study we analysed operator 
performance using the total performance score on the multiple task as well as the outcome of the 
candidates’ cognitive aptitude exam that is applied in pilot selection. The analysis of respiration 
rate and multiple task performance revealed that lower baseline values and a strong reactivity 
were associated with better performance scores. Even though the task-related decrease in petCO2 
reported above suggests that several participants showed a breathing response exceeding 
metabolic demands, the present finding argues that a strong increase in respiration rate was 
appropriate to perform well. An explorative analysis of baseline measures revealed that 
correlated variability of respiration rate at rest was also associated with a better performance on 
the multiple task which might imply that structured respiratory variability is beneficial for 
cognitive processing as it is required for multiple task performance. It has to be noted, however, 
that the correlation coefficients were moderate and have to be interpreted with caution. When 
using the outcome of the cognitive aptitude exam as a performance measure, we found that 
candidates who passed the exam had a lower respiration rate at baseline, a stronger increase from 
baseline to task and again a lower respiration rate in the recovery period than candidates who 
failed. It could be argued that the actual exam performance might have influenced respiration 
rate at baseline because the experiment was conducted subsequent to the aptitude testing. Even 
though the candidates did not receive any feedback on their exam performance, we additionally 
analysed the relationship between outcome of the cognitive aptitude exam and performance on 
the experimental multiple task as well as respiratory variability during the experiment in order to 
investigate possible feedforward effects. Since none of the associations was significant in our 
sample, it can be assumed that respiratory behaviour during the experiment was not affected by 
the outcome of the cognitive aptitude testing. The reported findings thus provide additional 
support for a positive relationship between reactivity in respiration rate and cognitive 
performance. However, the present data do not allow drawing conclusions about the variables 
responsible for the covariation of increased ventilation and enhanced cognitive performance and 
future research is needed to determine the relative contribution of psychological and 
physiological processes to explain this relationship. 
However, performance was not significantly related with petCO2 what indicates that the amount 
of reactivity in petCO2 being induced by the multiple task was too small to cause measurable 
effects on task performance. This interpretation is supported by previous studies suggesting that 
an impaired performance due to hyperventilation may occur only in individuals with a 
hypocapnic overbreathing response (Bloch-Salisbury, Lansing, and Shea 2000; Gibson 1978; 
Marangoni and Hurford 1990; Van Diest et al. 2000). As mentioned before, with the exception 
of three participants this was not the case in the present sample. It is further remarkable that there 
is a strong between-subject variance in petCO2. Because of the presence of hypocapnic episodes 
in three participants and the high interindividual variation, it might be suspected that some 
individuals experienced some kind of emotional stress in addition to the cognitive demands. 
Even though our experimental design was free of any emotional cue, the mere performance 
situation and presence of a test instructor can possibly elicit arousal responses (see also 
Sonderegger and Sauer 2009). 
In sum, our results replicate existing findings on the sensitivity of respiration rate towards mental 
load by using a task that reflects the characteristic work environment of airline pilots and, 
furthermore, extend the small body of research on respiratory variability under mental load. 
Since respiration was not only related to mental load but also to cognitive performance, we 
conclude that respiratory measures contain valuable information for the assessment of mental 
load. Including these measures in pilot selection would provide a more comprehensive picture of 
operator state and hence improve the diagnostic process. Future studies should compare the 
different respiratory measures with cardiac and other well-established measures regarding both 
informational content and feasibility for the purpose of application. In pilot selection, it should 
further be discussed whether ‘vulnerability to mental load’ as indicated by a tendency to 
hypocapnic overbreathing might be used as an additional criterion. Moreover, our findings 
provide support that resulting changes in the breathing pattern reflect not only metabolic 
demands but also psychological processes. However, the differentiation of cognitive and 
emotional influences on respiratory regulation during task performance remains an important 
objective for future studies. 
                                                          
i The dichotomous variable ‘outcome of the cognitive aptitude exam’ was composed of nine 
different test domains (see above). To validate these findings, we reanalysed our data using the 
stanine scores of those four test domains that are conceptually related to the experimental 
multiple task (i.e. working memory, spatial orientation, perception/concentration and multi-
tasking abilities). In line with the reported results, we found significant positive correlations 
between performance stanine scores and the increase in RR from baseline to task, on the one 
hand (working memory: r = .39, p < .01; spatial orientation: r = .36, p < .01; 
perception/concentration: r = .32, p < .05; multi-tasking abilities: r = .30, p < .05), and the 
decrease in RR from task to recovery period, on the other hand (working memory: r = .39, p < 
.01; spatial orientation: r = .38, p < .01; perception/concentration: r = .26, p < .05; multi-tasking 
abilities: r = .44, p < .001). 
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 BL V-BL MT RC 
 N M SD M SD M SD M SD df dferror F p ƞp2 
RR 61 13.24a 3.95 14.90b 3.65 18.96c 3.15 14.64b 4.00 2.05 123.02 80.91 <.001 .57 
CV (RR) 61 .19a .09 .17a .07 .13b .05 .19a .13 2.49 149.33 12.71 <.001 .18 
AR (RR) 61 .13a .17 .14a .16 .05b .11 .21a .16 3 180 12.48 <.001 .17 
petCO2 61 36.80a 2.98 36.59a 2.70 36.06b 2.75 35.72c 3.02 2.26 135.70 12.56 <.001 .17 
RR: respiration rate, CV: coefficient of variation, AR: autocorrelation, petCO2: partial pressure of end-tidal carbon dioxide, BL: baseline, V-BL: 
vanilla baseline, MT: multiple task, RC: recovery. 
a, b, c Different letters in the same row indicate significant differences (p < .05). 
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Figure captions: 
Figure 1. Exemplary items and corresponding keypads of the (a) perceptual speed task (correct 
response: ‘2’), (b) spatial orientation task (correct response: ‘2’) and (c) working memory task. 
Figure 2. Screenshot of the multiple task. 
Figure 3. Mean respiration rate during baseline, multiple task and recovery for participants who 
passed (n = 20) and participants who failed (n = 41) the cognitive aptitude exam for pilot 
selection. Error bars indicate standard deviations. 
